Bone neoplasms, such as osteosarcoma, exhibit a propensity for systemic metastases resulting in adverse clinical outcome. Traditional treatment consisting of aggressive chemotherapy combined with surgical resection, has been the mainstay of these malignances. Therefore, bone-targeted non-toxic therapies are required. We previously conjugated the aminobisphosphonate alendronate (ALN), and the potent antiangiogenic agent TNP-470 with N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer. HPMA copolymer-ALN-TNP-470 conjugate exhibited improved anti-angiogenic and anti-tumor activity compared with the combination of free ALN and TNP-470 when evaluated in a xenogeneic model of human osteosarcoma. The immune system has major effect on toxicology studies and on tumor progression. Therefore, in this manuscript we examined the safety and efficacy profiles of the conjugate using murine osteosarcoma syngeneic model. Toxicity and efficacy evaluation revealed superior anti-tumor activity and decreased organ-related toxicities of the conjugate compared with the combination of free ALN plus TNP-470. Finally, comparative anti-angiogenic activity and specificity studies, using surrogate biomarkers of circulating endothelial cells (CEC), highlighted the advantage of the conjugate over the free agents. The therapeutic platform described here may have clinical translational relevance for the treatment of bonerelated angiogenesis-dependent malignances.
Introduction
Osteosarcoma is the most common primary tumor of bone and considered to be the third most common malignancy in children and adolescents. It is a highly vascular and extremely destructive malignancy that most commonly arises in the metaphyseal ends of long bones [1] . Over the past two decades, multimodality treatment consisting of aggressive chemotherapy combined with radical surgical resection, has been the mainstay of osteosarcoma management, with achievable 5-year survival rates of 50e70% in patients who do not have metastatic disease at presentation [2] . Surgery remains the vital modality for treating the primary osteosarcoma tumor, whereas adjuvant chemotherapy (i.e. methotrexate, cisplatin and doxorubicin) plays an essential role in the control of subclinical metastatic disease [3] . Another class of skeletal malignancies is bone metastases originated from soft tissues such as breast and prostate cancers [3] . Tumor cells in the bone microenvironment produce a large number of cytokines that stimulate osteoclastic activity [4] . Increased osteoclastic activity, in turn, leads to production of a variety of lymphokines and growth factors that increase tumor cell proliferation [5] . This vicious circle can be disrupted by inhibition of osteoclast activity. Aminobisphosphonates (NBP) such as alendronate (ALN) are a class of drugs with high affinity to the bone mineral hydroxyapatite (HA), capable of inhibiting osteoclast recruitment and function, and bone resorption. Consequently, the aggressive interaction between osteoclasts and tumor cells is disrupted [6] . Moreover, adjacent to bone resorption activity, NBP have direct anti-tumor and anti-angiogenic effects, therefore can be used for bone metastases treatment [7] . Recently, highly potent NBP (i.e. Zolendronic acid, Pamidronate and ALN) became available for clinical use and represent an important adjunct in the management of bone metastases originating from breast and prostate cancer, multiple myeloma, and other types of malignancies [8, 9] . Despite the advantages described above, potential adverse effects associated with NBP therapy limit their use in some patients [10] . These include unwanted side effects such as gastroesophageal irritation, nausea, transient hypocalcemia with secondary hyperparathyroidism, severe musculoskeletal pain, increased risk of esophageal cancer, osteonecrosis of the jaw, severe suppression of bone turnover and atrial fibrillation [11, 12] . A different class of drugs used for the treatment of bone malignancy is angiogenesis inhibitors [13] . The importance of new blood vessels formation in osteosarcoma pathogenesis and progression has been highlighted by previous studies, showing correlation of increased tumor vascularity with metastatic potential, and poorer prognosis in osteosarcoma [14e16] . Anti-angiogenic therapy aims either, to prevent formation of new vessels, sequester angiogenic stimulators, or damage existing vessels [17] . Anti-angiogenic treatment reduces the incidence of drug resistance and does not cause the side effects associated with conventional chemotherapy (i.e. bone-marrow suppression, hair loss, severe vomiting, diarrhea, and weakness) [18, 19] . Nevertheless, some angiogenesis inhibitors increase the incidence of thrombotic complications hypertension, intratumoural bleeding and neurological dysfunction [20, 21] . There is accumulating data showing that combined treatment of classical chemotherapy with angiogenesis inhibitors can lead to a synergistic and more effective treatment of osteosarcoma and bone metastases [22e24] . Most of these drugs, however, are low M w agents delivered systemically, and consequently exhibit a non-specific biodistribution, deprived pharmacokinetic profile and severe side effects [25] . Therefore, utilization of combination therapy advantages with an improved tumor-selective drug delivery system is a desirable goal for the treatment of osteosarcoma, bone neoplasms and osteoidic metastatic lesions.
Here we describe the synthesis and characterization of a 30 kDa dual-targeted conjugate comprised of N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer backbone, the potent anti-angiogenic agent TNP-470 and ALN. TNP-470 is a low M w synthetic analog of fumagillin able to selectively inhibit endothelial growth in vitro [26, 27] . In clinical trials, it showed promising results when used in combination with conventional chemotherapy [28] . However, due to dose limiting neurotoxicity, TNP-470 has not made further progress past Phase II [29] . We have recently shown that caplostatin, an HPMA copolymer conjugate of TNP-470, prolonged the circulating life of the drug, increased the accumulation of the drug in angiogenic tissue through the enhanced permeability and retention (EPR) effect and prevented it from crossing the blood brain barrier (BBB), therefore abrogating neurotoxicity [21, 30] . Using the reversible addition-fragmentation chain transfer (RAFT) polymerization technique, we conjugated ALN and TNP-470 via a Glycine-Glycine-Proline-Norleucine (Gly-Gly-Pro-Nle) cathepsin K-cleavable linker to HPMA copolymer backbone. RAFT polymerization is a versatile controlled/"living" free radical polymerization technique resulting in predetermined M w with narrow polydispersity index (PDI) [31] . Polymer conjugation increases the half-life of free low M w drugs (e.g. ALN and TNP-470), increases their tumor accumulation by the EPR effect and reduces their toxicity [32] . Previous biodistribution and pharmacokinetic studies showed that ALN can facilitate specific and rapid accumulation of HPMA copolymer in bone tissues [33e35]. Therefore, in the conjugate platform presented here, ALN is used both as a targeting moiety (due to its high affinity to HA) and as a therapeutic agent. HPMA copolymer-ALN-TNP-470 conjugate was designed to target the neoplastic sites within the bones and metastatic calcified neoplasms in other organs. The rationale behind the conjugate design is that following accumulation of the conjugate at the target site, the Gly-Gly-Pro-Nle linker will be cleaved by cathepsin K, a cysteine protease overexpressed at resorption sites in bony tumors, and active ALN and TNP-470 will be released [36, 37] .
The anti-angiogenic and anti-tumor potency of HPMA copolymer-ALN-TNP-470 conjugate were previously evaluated on a xenogeneic model of severe combined immunodeficiency (SCID) mice bearing MG-63-Ras human osteosarcoma. The conjugate had superior antiangiogenic and anti-tumor activity compared with the combination of free ALN and TNP-470 [38] .
An appropriate preclinical tumor model that reflects the clinical settings can provide insight into key processes such as angiogenesis, tumor progression, bone metastases, and therapeutic response. The use of human xenografts in mice still remains the gold standard in developing therapeutics for cancer therapy and evaluating their efficacy [39] . However, xenogeneic models lack human stroma and immune cells, which are important for tumor initiation and progression [40] . Moreover, hostetumor interactions and the immune system are important parameters that might affect the outcome of toxicology and efficacy studies [41] . In relevance to the targeted delivery system described here, both ALN and TNP-470 are capable of inhibiting neovascularization and overall tumor development in part through key inflammatory-cell-derived mediators and other important cytokines [30, 42] . Therefore, it is essential to validate the safety and efficacy profiles of HPMA copolymer-ALN-TNP-470 conjugate in a syngeneic model that preserve the natural microenvironmental hostetumor interactions. Following these principles, we performed the safety and efficacy studies in a model of Balb/c mice bearing K7M2 murine osteosarcoma in the tibia [43] . Although this orthotropic model provides clinically relevant outcome parameters, the anatomical location of K7M2 tumors in the tibia sets a technical obstacle in terms of monitoring tumor progression. Therefore, we used mCherry-infected K7M2 osteosarcoma cells that allow tumor progression monitoring by non-invasive intravital fluorescence imaging techniques. The ability to induce neovascularization is crucial for the development and progression of osteosarcoma and bone metastases [13] . Thus, in addition to safety and efficacy studies, we assessed the ability of the conjugate to inhibit angiogenesis. Most standard assays for assessing the anti-angiogenic effect of therapeutics use tumor tissue in order to perform immunohistochemistry analysis of angiogenesis markers and microvessel density. This generally requires termination of the experiment and removal of the entire tumor from the animals. An alternative approach is the use of surrogate angiogenic biomarkers such as circulating endothelial cells (CEC) and/or their progenitor subset (CEP) [44, 45] . CEC and CEP have been found to correlate with preclinical and clinical efficacy of anti-angiogenic therapy [46e48]. Here we evaluated the anti-angiogenic effect of the conjugate in non-tumor and tumor-bearing Balb/c mice. The use of CEC and CEP enables simple, repeated and relatively non-invasive assessment of tumor angiogenesis in mice. Furthermore, it allowed us to compare the anti-angiogenic activity of the conjugate in non-tumor bearing and tumor-bearing mice using the same procedure. In summary, in the search for improved targeted polymer therapy for bone neoplasms and osteoidic metastatic lesions, we used solid phase peptide synthesis (SPPS) and RAFT chemistry to synthesize dual-targeted HPMA copolymer-ALN-TNP-470 conjugate. Integration of syngeneic orthotropic osteosarcoma model, surrogate biomarkers and functional non-invasive imaging tools allowed us to examine the potential of our conjugate to decrease the non-specific organ toxicities associated with free ALN and TNP-470, and its anti-angiogenic and anti-tumor efficacy.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM) and XTT reagent were purchased from Biological Industries Ltd. (Kibbutz Beit Haemek, Israel). Fetal bovine serum (FBS), Penicillin, Streptomycin, Nystatin and L-glutamine were from Biological Industries, Israel. pEGFPLuc plasmid was from Clontech (Mountain View, CA, USA). Nuclear staining was from Procount, BD Pharmingen, San Jose, CA. 7-aminoactinomycin D (7AAD) was from Chemicon, Billerica, MA. All other chemical reagents, including salts and solvents, were purchased from SigmaeAldrich. All reactions requiring anhydrous conditions were performed under an Ar or N 2 atmosphere. Chemicals and solvents were either A.R. grade or purified by standard techniques.
Ethics statement
All animal procedures were performed in compliance with Tel Aviv University, Sackler School of Medicine guidelines and protocols approved by the Institutional Animal Care and Use Committee. Mice's body weight and tumor size were measured three times a week. MA-Gly-Gly-Pro-Nle was synthesized by solid phase peptide synthesis (SPPS) and manual Fmoc/tBu strategy using 2-chlorotrityl chloride beads with 80% of loading. MA-Gly-Gly-Pro-Nle-OH (100 mg, 0.24 mmol) and 2-mercaptothiazoline (TT, 33 mg, 0.28 mmol) were dissolved in a mixture of 2 ml 1,4-dioxane and 1 ml tetrahydrofuran (THF), and cooled to 4 C. DCC (60 mg, 0.29 mmol) in 1 ml of 1,4dioxane was added dropwise and the reaction mixture stirred overnight at 4 C. After the reaction, DCU was removed by filtration and the filtrate was added to ALN aqueous solution (70 mg, 4 ml; pH was adjusted to w7.4 by NaHCO 3 solution). The reaction mixture was stirred overnight at room temperature. The solvent was removed on a rotary evaporator, the residue was re-dissolved in water and extracted with ethyl acetate 3 times to remove TT. The product was purified by preparative high performance liquid chromatography (HPLC, buffer A: H 2 O 0.1% TFA, buffer B: acetonitrile 0.1% TFA; gradient method: buffer B 0e20%/ 20 min; 2.5 ml/min; elution time 9.7 min) with a yield of 83 mg. The MALDI-TOF spectrum negative ion:
Synthesis of amine containing monomer (MA-Gly-Gly-Pro-Nle-NH(CH 2 ) 2 NH 2 )
MA-Gly-Gly-Pro-Nle-NH(CH 2 ) 2 NH 2 was synthesized by SPPS using 1.5 g of 2chlorotrityl chloride beads. First, 6 times excess of ethylenediamine in anhydrous THF was applied, followed by Fmoc-amino acids, and capping with MA-Gly-Gly-OH. The final peptide was cleaved by 5% TFA in dichloromethane (DCM) with a yield of 0.85 g, 89%. The purity of product was proved by HPLC (buffer A: H 2 O 0.1% TFA, buffer B: acetonitrile 0.1% TFA; gradient method: buffer B 2%e60%/30 min; 1 ml/min; single peak, elution time 8.27 min). The MALDI-TOF spectrum (Fmoc derivative) positive ion: m/z ¼ 697 (M þ Na þ ), 713 (M þ K þ ).
Synthesis FITC containing monomer (MA-FITC)
Fluoresceinisothiocyanate (FITC) (1 g, 2.57 mmol) and N-(3-aminopropyl) methacrylamide hydrochloride (0.92 g, 5.14 mmol) were dissolved in 5 ml dimethylformamide (DMF) and cooled to 4 C, then N,N-diisopropylethylamine (DIPEA) (1.79 ml, 10.3 mmol) in 2 ml of DMF was added dropwise. The reaction mixture was stirred at 4 C for 2 days. Then, the reaction mixture was poured into 100 ml water (pH w 4e5) and pH adjusted to w4 by 6 N HCl. The precipitate was filtered off, washed with water, and vacuum dried over P 2 O 5 [49] .
Synthesis of polymer precursor containing ALN, NH 2 , and (optionally) FITC groups (HPMA copolymer-ALN-NH 2 )
Reversible addition-fragmentation chain transfer (RAFT) polymerization technique was used to synthesize HPMA copolymer-ALN-TNP-470 conjugate. MA-Gly-Gly-Pro-Nle-ALN (293 mg), MA-Gly-Gly-Pro-Nle-NH(CH 2 ) 2 NH 2 (215 mg), HPMA (948 mg), MA-FITC (0 mg or 4 mg), 2,2 0 -Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044 1.6 mg) as initiator and S,S 0 -bis(a,a 0 -dimethyl-a 00 -acetic acid) trithiocarbonate as chain transfer agent (TTC 4.2 mg) were dissolved in 7.5 ml of water. The solution was bubbled with N 2(g) for 30 min, sealed in ampoule, and the mixture polymerized at 30 C for 48 h. Both resulting polymers were purified by dissolving in water and precipitating into an excess of acetone; following each precipitation, the precipitate was washed with acetone. Finally, the polymers were dissolved in 15 ml of water; pH adjusted to 12 with 1 N NaOH, and dialyzed against DI water for 24 h at 4 C (MWCO 12e14 kDa) to remove ALN monomer. The samples were freeze-dried after dialysis.
Binding of TNP-470 to HPMA copolymer-ALN
HPMA copolymer-ALN-NH 2 (150 mg) was dissolved in 6 ml of DMF (if necessary, a small amount of water was added to dissolve the polymer) and cooled to 4 C. Then, TNP-470 (150 mg) in 1 ml DMF was added. The reaction mixture was stirred at 4 C in dark for 12 h. Following the reaction, the conjugate was precipitated into acetone and purified by reprecipitation (3 times) from an aqueous solution into an excess of acetone. The precipitate was washed with acetone and the residue was dissolved in water and dialyzed for 1 day at 4 C (MWCO 12e14 kDa) against DI water. The conjugate was isolated by freeze-drying.
Determination of ALN content
The formation of chromophoric complex between ALN and Fe 3þ ions in perchloric acid solution was used to determine the ALN content by spectrophotometry [50] . Briefly, 0.1 ml conjugate (conc. 2e10 mg/ml) was mixed with 0.1 ml 4 mM FeCl 3 and 0.8 ml 0.2 M HClO 4 and absorbance at 300 nm was measured against blank. The calibration curve was prepared by using ALN solution at concentration range 0e3 mM.
Estimation of TNP-470 content
The content of TNP-470 was estimated from the content of NH 2 groups in the HPMA copolymer-ALN-NH 2 precursor (Scheme 1). It was assumed that the TNP-470 binding was quantitatively equal. The content of NH 2 groups was determined by ninhydrin method using an amine containing monomer [N-(3-aminopropyl) methacrylamide] as the calibration sample (modified from Ref. [51] ).
Determination of HPMA copolymer-ALN-TNP-470 conjugate molecular weight and polydispersity index (PDI)
Molecular weight and polydispersity index (PDI) were measured using sizeexclusion chromatography (SEC) on an ÄKTA/FPLC system (GE Healthcare) equipped with three online detectors: three angle light scattering detector miniDAWN TREOS (wavelength 658 nm), RI detector Optilab-rEX (Wyatt Technology, Santa Barbara, CA), UV detector UPC-900 (AKTA set for 280 nm detection), using GE Healthcare columns: Superose 6 HR10/30 or Superose 12 HR10/30 column; flow rate 0.4 ml/min. The dn/dc value (0.17; PBS) was calculated using ASTRA software assuming 100% recovery of sample.
Measurement of effective diameter of HPMA copolymer-ALN-TNP-470 conjugate
A dynamic light scattering method for effective diameter of the conjugates was performed on a Brookhaven BI-200SM goniometer and BI-9000 AT digital correlator equipped with a HeeNe laser (l ¼ 633 nm) at 90 angle room temperature (25 C). The conjugate was dissolved in double DI water at a concentration of 5 mg/ml and filtered through 0.2 mm PTFE filter before measurement. The effective diameter and PDI were calculated as an average of 6 runs.
Synthesis and characterization of HPMA copolymer-FITC-Tyr conjugate
HPMA (280 mg), MA-FITC (10 mg, 1 mol%), N-methacryloyltyrosineamide (MA-Tyr-NH 2 , 10 mg, 2 mol%), 4-cyanopentanoic acid dithiobenzoate (1.4 mg) and VA-044 (0.5 mg) were dissolved in 2.4 ml of MeOH/H 2 O (2/1), bubbled with N 2 for 30 min, sealed and polymerized at 37 C for 24 h. The conjugate was purified by dissolution-precipitation method in methanoleacetone and dried under reduced pressure at room temperature. The M w and PDI of HPMA copolymer-FITC-Tyr conjugate were measured using AKTA FPLC system (Pharmacia/GE Healthcare) equipped with miniDAWN TREOS and OptilabEX detectors (Wyatt Technology, Santa Barbara, Ca), using a Superose 6 HR10/30 column with PBS (pH ¼ 7.3) as the mobile phase. The content of FITC and Tyr was measured using Varian Cary 400
Bio UV-visible spectrophotometer and calculated using e (495) ¼ 80,000 cm À1 (0.1 N borate) for FITC and e (280) ¼ 1600 cm À1 M À1 for Tyr-NH 2 . After subtraction of polymer background, the content of FITC and Tyr-NH 2 was 0.038 and 0.1 mmol/g respectively.
Cell culture
K7M2 murine osteosarcoma cells were obtained from the American Type Culture Collection (ATCC). Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 mg/ml Penicillin, 100 U/ml Streptomycin, 12.5 U/ml Nystatin and 2 mM L-glutamine. Cells were grown at 37 C in 5% CO 2 .
Red blood cell (RBC) lysis assay
Red blood cells (RBC) lysis assay was performed as previously described [52] . Briefly, a 2% w/w rat RBC solution was incubated with serial dilutions of free combination of ALN plus TNP-470 or HPMA copolymer-ALN-TNP-470 conjugate for 1 h at 37 C. Negative controls were PBS and Dextran (M w w 70000) while positive controls were 1% w/v solution of Triton X100 (100% lysis) and polyethyleneimine (PEI). Following centrifugation, the supernatant was drawn off and its absorbance measured at 550 nm using a microplate reader (Genios, TECAN). The results were expressed as percentage of hemoglobin released relative to the positive control (Triton Â100). Scheme 1. Synthesis of HPMA copolymer-ALN-TNP-470 conjugate. Table in Scheme 1. Physicochemical Characterization of HPMA copolymer conjugates. a -Determined by Fe 3þ complexation method. b -NH 2 determined by ninhydrin method; it was assumed that TNP-470 content is similar. c -Determined using extinction coefficient of MA-FITC 78000 M À1 cm À1 in 0.1 M borate. d -Measured by spectroscopy using extinction coefficient for Tyr (295 nm) 2700 M À1 cm À1 in 1 N NaOH (the background of the polymer was subtracted). e -Determined by DLS in PBS (pH 7.4). f -Determined by SEC on AKTA/FPLC system (Pharmacia), using Superose 6 HR 10/30 column, buffer 0.1 M acetate/30% acetonitrile, pH 5.5. g -Was calculated from SEC profiles data.
Peripheral total white blood cells (WBC) count
Balb/c male mice aged 6 weeks were injected subcutaneously (s.c.) with a combination of free ALN and TNP-470 (1:1, 30 mg/kg), HPMA copolymer-ALN-TNP-470 conjugate (30 mg/kg q.o.d. TNP-470-equivalent dose) or saline (n ¼ 5 mice/ group). On day 14, a capillary pipette containing anticoagulant (0.1% EDTA) was inserted in the lateral canthus and blood was collected from the retro-orbital sinus. After collection, the pipette was removed and bleeding stopped when the eye returned to a normal position. EDTA anti-coagulated blood samples were used to obtain a complete blood count. Samples were counted no longer than 5 min after blood was drawn from mice. Ten ml of blood samples were mixed with 90 ml of track solution (1% acetic acid in DDW), and cells were counted by a Z1 Coulter Ò Particle Counter (Beckman CoulterÔ). Data is expressed as mean AE standard error of the mean (s.e.m.).
Evaluation of HPMA copolymer-ALN-TNP-470 conjugate neurotoxicity in nontumor bearing mice
Balb/c male mice aged 6 weeks were injected s.c. with a combination of free ALN and TNP-470 (1:1, 30 mg/kg), HPMA copolymer-ALN-TNP-470 conjugate (30 mg/kg q.o.d. TNP-470-equivalent dose) or saline (n ¼ 5 mice/group). On day 14, motor coordination and balance were measured using standard accelerating Rotarod treadmill as previously described [21] . Briefly, mice were placed on the rotating rod for 30 s to acclimate. The time of each animal remained on the rotating rod was recorded. Data is expressed as mean AE s.e.m.
Measurement of CEC and CEP by flow cytometry
Balb/c male mice aged 6 weeks were injected s.c. with a combination of free ALN and TNP-470 (1:1, 30 mg/kg), HPMA copolymer-ALN-TNP-470 conjugate (30 mg/kg q.o.d. TNP-470-equivalent dose) or saline (n ¼ 5 mice/group). On day 14, blood was obtained from anaesthetized mice by retro-orbital sinus bleeding. CEP and CEC were quantitated using flow cytometry, as described previously [47] . Briefly, 24 h after drug treatment, blood was collected in tubes containing EDTA to avoid clotting. Monoclonal antibodies were used to detect all populations with the following antigenic phenotypes: for CEP: CD13þ/VEGFR2þ/CD117þ/CD45-/dim; for CEC: CD13þ/VEGFR2þ/CD45-/dim. Nuclear staining was used in some experiments to exclude platelets or cellular debris. 7-aminoactinomycin D (7AAD) was used to distinguish apoptotic and dead cells from viable cells. After red cell lysis, cell suspensions were analyzed and at least 200,000 cells per sample were acquired Analyses were considered informative when an adequate number of events (i.e. >50, typically 50e150) was collected in the CEP or CEC enumeration gate in untreated control animals. Percentages of stained cells were determined and compared with appropriate negative controls. Positive staining was defined as being greater than non-specific background staining. Flow cytometry studies were performed on Cyan ADP flow cytometer (Beckman Coulter) and analyzed with Summit (Beckman Coulter) software. All monoclonal antibodies were purchased from BD Biosciences and used for flow cytometry analysis in accordance with the manufacturer's protocols. Data is expressed as mean AE s.e.m.
Cell viability assay
K7M2 murine osteosarcoma cells were plated at 2500 cells/well in DMEM supplemented with 5% FBS and incubated for 24 h (37 C; 5% CO 2 ). The medium was then replaced with DMEM supplemented with 10% FBS. Cells were exposed to ALN, TNP-470, and HPMA copolymer-ALN-TNP-470 conjugate or with equivalent concentrations of combinations of free ALN and TNP-470 at serial dilutions. Viable cells were counted by XTT reagent respectively after 72 h of incubation. Data is expressed as mean AE standard deviation (s.d.).
Biodistribution studies
FITC-labeled HPMA copolymer-ALN-TNP-470 conjugate (30 mg/kg TNP-470equivalent dose in 100 ml saline/mouse) or FITC-labeled HPMA copolymer (0.2 mol% FITC equivalent dose in 100 ml saline/mouse) were administered to mCherry-K7M2 tumor-bearing Balb/c mice (w20 g, 5 mice/group) via tail vein injection. Eight hours post injection, vascular PBS perfusion was performed by cannulating the left ventricle and draining from the right atrium in an open-chest procedure. Major organs including heart, kidneys, liver, spleen, and bones (spine and ribs) were isolated, processed, and analyzed using CRI MaestroÔ imaging system. Autofluorescence and undesired background signals were eliminated by spectral analysis and linear unmixing algorithm. FITC-fluorescence unmixed specific signal was quantified as total signal of photons/exposure time (s)/tissue weight (g). Data is expressed as mean AE s.e.m.
Generation of mCherry-infected K7M2 murine osteosarcoma cell line
mCherry was subcloned from pART7-mCherry (kindly provided by A. Avni from Tel Aviv University), into pQCXIP. Human embryonic kidney 293T (HEK 293T) cells were co-transfected with pQC-mCherry and the compatible packaging plasmids (pMD.G.VSVG and pGag-pol.gpt). Forty eight hours following transfection, the pQC-mCherry retroviral particles containing supernatant was collected. K7M2 murine osteosarcoma cells were infected with the retroviral particles media, and 48 h following the infection, mCherry positive cells were selected by puromycin resistance.
Establishment of K7M2 murine osteosarcoma model
For inoculations of tumor cells into mice tibia, confluent mCherry-labeled K7M2 murine tumor cells were trypsinized, washed 3 times in PBS and then adjusted to a final concentration of 1 Â 10 6 cells/100 ml. Each mouse was injected with 0.5 Â 10 6 cells (in 50 ml PBS) intra-tibialy (i.t.) using a 26 g needle. mCherry-labeled tumor progression was monitored using CRI MaestroÔ non-invasive fluorescence imaging system.
Evaluation of anti-tumor activity of HPMA copolymer-ALN-TNP-470 conjugate
Mice bearing K7M2 tumors were injected s.c. with a combination of free ALN and TNP-470 (1:1, 30 mg/kg), HPMA copolymer-ALN-TNP-470 conjugate (30 mg/kg q.o.d. TNP-470-equivalent dose) or saline (n ¼ 5 mice/group). Therapy was initiated at a relatively early state in order to imitate early-detected primary osteosarcoma. Tumor progression was monitored by CRIÔ Maestro non-invasive intravital imaging system. At termination, tumors were dissected, weighed and analyzed. Data is expressed as mean total signal/exposure time (ms) AE s.e.m.
Intravital non-invasive imaging of mCherry-labeled K7M2 tumor-bearing mice
CRI MaestroÔ non-invasive fluorescence imaging system was used to follow tumor progression of mice bearing mCherry-labeled K7M2 murine osteosarcoma tumors and for biodistribution studies of FITC-labeled HPMA copolymer-ALN-TNP-470 conjugate. Mice were maintained on a non-fluorescent diet (Harlan) for the whole period of the experiment. Mice were anesthetized using ketamine (100 mg/kg) and xylazine (12 mg/kg), treated with a depilatory cream (Veet Ò ) and placed inside the imaging system. Alternatively, selected organs from mice were dissected and placed inside the imaging system. Multispectral image-cubes were acquired through 550e800 nm spectral range in 10 nm steps using excitation (575e605 nm) and emission (645 nm longpass) filter set. Mice autofluorescence and undesired background signals were eliminated by spectral analysis and linear unmixing algorithm.
Statistical analysis
In vitro data expressed as mean AE s.d. In vivo data expressed as mean AE s.e.m. Statistical significance was determined using an unpaired t-test. KaplaneMeier method was used to calculate survival curves. All statistical tests were two-sided. Differences between designated groups compared to control group (unless indicated otherwise) were considered significant at values of P < 0.05 (*), P < 0.03 (**) or P < 0.01 (***).
Results
Synthesis and chemical characterization of HPMA copolymer-ALN-TNP-470 conjugate
HPMA copolymer-Gly-Gly-Pro-Nle-ALN-TNP-470 conjugate was synthesized as previously described [38] . Briefly, an intermediate was synthesized by copolymerization of HPMA, ALN monomer (MA-Gly-Gly-Pro-Nle-ALN), and amino group containing monomer (MA-Gly-Gly-Pro-Nle-NH(CH 2 ) 2 NH 2 ). Optionally, for the evaluation of biodistribution, a polymerizable derivative of FITC, 5-[3-(methacryloylaminopropyl) thioureidyl] fluorescein (MA-FITC), was added to the monomer mixture. To achieve control of the copolymer M w and PDI we used controlled/"living" free radical polymerization (RAFT) technique. In the second step, TNP-470 was linked to amino groups by nucleophilic substitution of the terminal chlorine of TNP-470 (Scheme 1). We have previously synthesized a 80 kDa HPMA copolymer-ALN-TNP-470 conjugate with a mean size distribution of 100 nm [38] . Here, the M w and the PDI of the conjugate were estimated by SEC and exhibited apparent M w of 30 kDa and PDI of 1.2. Additionally, the conjugate's effective diameter and PDI were determined by dynamic light scattering (DLS) and were measured as 21.7 AE 0.7 nm and 0.13 AE 0.05 respectively (table in Scheme 1).
The loading percentage of ALN and TNP-470 on FITC-labeled HPMA copolymer-ALN-TNP-470 conjugate was measured as 6.3 and 7.7 mol% respectively. For biodistribution studies, we synthesized a non-targeted control conjugate of HPMA copolymer-FITC-Tyr (P-FITC-Tyr) with M w of 27.7 kDa. The content of FITC and Tyr was measured as 0.7 mol% and 1.8 mol% respectively.
Hemolysis and WBC count following treatment
The clinical manifestation of chemotherapy-related toxicity includes hematological disorders such as decreased production of red blood cells (anemia), low levels of white blood cells (neutropenia or granulocytopenia), and low levels of platelets (thrombocytopenia), which may be life-threatening to the patient [53e55]. Preventing these side effects would be valuable for treating patients more effectively. To evaluate the biocompatibility of HPMA copolymer-ALN-TNP-470 conjugate, we performed red blood cell (RBC) lysis assay ex vivo and white blood cells (WBC) count following treatment with the conjugate in vivo. Briefly, rat red blood cell solution (2% w/w) was incubated with serial dilutions of free or conjugated ALN and TNP-470 for 1 h at 37 C. Negative controls were PBS and dextran (M w of 70 kDa), and positive controls were a 1% w/v solution of Triton X-100 (100% lysis) and PEI. The results show that HPMA copolymer-ALN-TNP-470 conjugate was not hemolytic ex vivo at concentrations up to 5 mg/ml (Fig. 1A) . For peripheral WBC count, blood samples were drawn from the retro-orbital sinus. The cell counts obtained from blood sample drawn from mice in each group were compared. Mice treated with a combination of free ALN plus TNP-470 had a minor insignificant higher level of WBC compared with the control mice (p ¼ 0.138) (Fig. 1B) . In tumor-bearing mice the combination of free ALN plus TNP-470 had different effect on WBC levels as described comprehensively later in the Results Section. Mice treated with HPMA copolymer-ALN-TNP-470 conjugate had similar levels of WBC as mice in the control group (p ¼ 0.303) ( Fig. 1B) . Overall, these results show that the conjugate did not induce depression of the peripheral WBC and found to be hemocompatible to Balb/c mice.
Body weight change of treated non-tumor-bearing mice
An important indicator of a non-specific toxic effect following treatments with anticancer chemotherapy is body weight decrease. Therefore, we monitored the mice body weights following treatments with the conjugate. Free or conjugated ALN and TNP-470 (30 mg/kg s.c., q.o.d. TNP-470-equivalent dose) were injected to 28 days old non-tumor bearing Balb/c mice ( Fig. 2A ). Mice treated with HPMA copolymer-ALN-TNP-470 conjugate did not produce any observable side effect and gained weight similar to the control group. Mice treated with free ALN plus TNP-470 were found to be lethargic, and lost more than 15% of their initial body weight and had to be euthanized on day 24 according to the animal committee guideline. HPMA copolymer-ALN-TNP-470 conjugate showed an obvious reduction in non-specific systemic toxic effect compared with free ALN plus TNP-470, as evidenced by the difference in the weight change (p < 0.01 on day 24). Their body weight increased during the course of the treatment ( Fig. 2A ).
Neurological function following treatment
In clinical trials, TNP-470 treatment resulted in severe ataxia and other symptoms of cerebellar dysfunction in humans [28] . We therefore tested the effects of free and conjugated ALN and TNP-470 on the motor coordination and balance skills of mice using the rotarod test, a classic assay for ataxia in rodents. Mice were placed on a rotating rod and the time for which the mice remained on the rod was recorded. The performance of animals treated with HPMA copolymer-ALN-TNP-470 conjugate was similar to that of the control mice, whereas mice treated with a combination of free ALN plus TNP-470 remained on the rotating rod for a significantly (p ¼ 0.0045) shorter time (average of 8 s) than mice in the other two groups (Fig. 2B) . These results clearly indicate that HPMA copolymer-ALN-TNP-470 conjugate does not affect the motor coordination in mice whereas free combination of ALN plus TNP-470 cause ataxia and affect the neurological function. with the anti-angiogenic treatment outcome [48, 56] . It has been postulated that apoptotic CEC are, in fact, sloughed off the vessel wall as a result of a tumor vascular damage [48] and therefore such cells have been suggested as a surrogate biomarker of treatment outcome of anti-angiogenic therapy [45] . In addition to CEC, also viable CEP have been shown to correlate with angiogenic activity in a variety of preclinical models [46] . Collectively, CEC and CEP can be used as surrogate (minimally-invasive) measurable biomarkers for anti-angiogenic activity [57] . To assess the anti-angiogenic effect of HPMA copolymer-ALN-TNP-470 conjugate, blood was collected from non-tumor bearing mice treated with free or conjugated ALN and TNP-470. Levels of viable CEP, viable CEC and apoptotic CEC were measured by flow cytometry (Fig. 3) . The levels of viable CEP and viable CEC in blood collected from mice treated with a combination of free ALN plus TNP-470 and in blood collected from mice treated with HPMA copolymer-ALN-TNP-470 conjugate were similar to the levels measured in the blood collected from mice treated with vehicle (control group). However, apoptotic CEC levels in blood collected from mice treated with a combination of free ALN plus TNP-470 were significantly higher compared with control group (p < 0.03), whereas mice treated with HPMA copolymer-ALN-TNP-470 conjugate showed similar levels of apoptotic CEC to the control group. The high levels of apoptotic CEC originated from the vasculature and released into the blood circulation in the nontumor-bearing mice suggest that the combination of free ALN plus TNP-470 may have toxic anti-angiogenic effects on the normal vasculature as these mice have no tumors.
Measurement of viable CEC and CEP levels in treated nontumor-bearing mice
Cytotoxic effect of HPMA copolymer-ALN-TNP-470 conjugate on murine osteosarcoma cells
Having shown that HPMA copolymer-ALN-TNP-470 conjugate displays an acceptable safety profile when administrated to nontumor bearing mice, we next evaluated the anti-tumor activity of the conjugate in vitro. We have previously shown that HPMA copolymer-ALN-TNP-470 conjugate has anti-tumor activity by inhibiting human osteosarcoma proliferation in vitro [38] . In this study we used syngeneic tumor model in immunocompetent mice instead of the human osteosarcoma xenograft in SCID mice. Therefore, prior to the efficacy and safety studies in vivo, we examined the ability of the conjugate to inhibit proliferation of murine osteosarcoma cells in vitro. K7M2 murine osteosarcoma cells were incubated for 72 h with serial dilutions of free combination of ALN plus TNP-470 or with HPMA copolymer-ALN-TNP-470 conjugate (at TNP-470-equivalent concentration). Viable cells were counted by a Z1 Coulter Ò Particle Counter (Beckman CoulterÔ). Both free and conjugated ALN-TNP-470 had cytotoxic effects by inducing growth inhibition on K7M2 cells at IC 50 of 10 mM ( Fig. 4 ). HPMA copolymer alone was inert in vitro and in vivo (data not shown) in agreement with previously published data [58] .
FITC-labeled HPMA copolymer-ALN-TNP-470 conjugate biodistribution
For biodistribution studies we used a rapid fluorescence-based method. This radioactive-free approach allows easy monitoring and quantitative measurements of fluorescence-labeled conjugates distributed in mice tissues [59] . Overlay images composed of brightfield and FITC components show the localization of targeted FITC-labeled HPMA copolymer-ALN-TNP-470 conjugate and nontargeted FITC-labeled HPMA copolymer in resected organs (Fig. 5A) .
Targeted HPMA copolymer-ALN-TNP-470 conjugate showed high localization in the kidneys, bones, and tumor and relatively low accumulation in the heart, spleen and liver. Non-targeted HPMA copolymer-FITC-Tyr conjugate was accumulated mainly in the kidneys, liver and tumor. As expected, the non-targeted conjugate was localized in the kidneys and tumor but did not accumulate in the bones, spleen or heart. Quantification of FITC component revealed 1.5-and 19-fold increase in total signal (scaled counts/ sec)/tissue weight of targeted conjugate over non-targeted conjugate at the tumor site and in the bones respectively ( Fig. 5Band C) . Conversely, in the liver and in the kidneys, the ratios of targeted and non-targeted conjugates were 0.3 and 0.4 respectively. There was no significant difference in the heart and spleen localization between the non-targeted and targeted conjugates (Fig. 5C ). The targeting-dependent biodistribution profile of FITC-labeled conjugates in the heart, kidneys, lungs, liver, spleen and bones highlights the contribution of ALN as a targeting moiety, in agreement with previously published data [34] .
Body weight change of treated tumor-bearing mice
We next evaluated the toxicity profile of the conjugate in mice bearing K7M2 murine osteosarcoma. Free or conjugated ALN and TNP-470 (30 mg/kg s.c., q.o.d. TNP-470-equivalent dose) were injected to K7M2 osteosarcoma-bearing mice and body weights were monitored (Fig. 6A ). Mice treated with HPMA copolymer-ALN-TNP-470 conjugate did not produce concomitant overt signs of toxicity and gained more than 10% weight up to experiment termination (day 30). The response of K7M2 tumor-bearing mice and non-tumor-bearing mice to treatment with HPMA copolymer-ALN-TNP-470 conjugate was similar in terms of body weight percent change and noticeable side effects. Mice treated with vehicle (control group) gained weight similar to mice treated with the conjugate. However, on day 16 mice had to be euthanized due to tumor size and the disability of the animals to walk properly. As opposed to the other two groups, mice treated with the combination of free ALN plus TNP-470 were found to be lethargic, experienced more than 15% weight loss, and had to be euthanized on day 20 according to the animal committee guideline. The body weight percent changes of mice in this group were significantly lower compared with mice treated with the conjugate (p < 0.01), indicating a severe toxic response to treatment with the combination of free ALN plus TNP-470. These findings indicate that conjugating ALN and TNP-470 to HPMA copolymer backbone considerably reduce the systemic side effects accompanied with the free drugs.
Measurement of viable CEC and CEP levels in treated tumorbearing mice
Having shown that HPMA copolymer-ALN-TNP-470 conjugate abrogates the toxicity effects caused by free ALN plus TNP-470 administration, we next measured the levels of viable CEP, viable CEC and apoptotic CEC in mice bearing K7M2 tumors in the tibia. In non-tumor bearing mice, as expected, the conjugate did not affect viable CEP, viable CEC or apoptotic CEC levels whereas the combination of free ALN plus TNP-470 increased the levels of apoptotic CEC suggesting that such treatment may affect the normal vasculature. Treatment with HPMA copolymer-ALN-TNP-470 conjugate in K7M2 tumor-bearing mice increased the levels of both viable and apoptotic CEC by 4-fold compared with control ( Fig. 6B) . Treatment with the combination of free ALN plus TNP-470 increased the levels of apoptotic CEC by 2-fold compared with control mice, but did not affect viable CEC levels. The elevated levels of apoptotic CEC found in the peripheral blood can be associated with anti-angiogenic activity in response to treatments. However, as opposed to treatment with free ALN plus TNP-470 which has shown increased apoptotic CEC levels in both non-tumor and tumor-bearing mice, the conjugate has shown a significant increase in apoptotic CEC only in tumor-bearing mice but not in non-tumor-bearing mice, suggesting that such therapy is mainly targeting the tumor vasculature, but not normal vasculature. Interestingly, elevated levels of viable CEC were detected in tumor-bearing mice treated with the conjugate but not in non-tumor-bearing mice. Therefore, our results suggest that the apoptotic CEC found in peripheral blood of K7M2-bearing mice following treatment with the conjugate, were released from the tumor vasculature and not from healthy blood vessels.
Effect of treatment on WBC levels of tumor-bearing mice
HPMA copolymer-ALN-TNP-470 conjugate did not affect the peripheral WBC of K7M2 tumor-bearing mice similar to its effect in the non-tumor bearing mice (Fig. 6C) . In contrast, treatment with free combination of ALN plus TNP-470 decreased the peripheral WBC count by w40%.
Antitumor efficacy of HPMA copolymer-ALN-TNP-470 conjugate
We have previously shown that HPMA copolymer-ALN-TNP-470 conjugate remarkably inhibited human osteosarcoma growth in SCID mice by 96% compared with 45% by free ALN plus TNP-470. It is well known that hostetumor interactions and the immune system play an important role in the angiogenic cascade and tumor progression. These crucial factors might influence the therapeutic efficacy. Therefore, we evaluated the potential of the conjugate to inhibit tumor growth in syngeneic model. Tumors were established by injection of mCherry-labeled K7M2 murine osteosarcoma cells into the tibia of Balb/c mice. Tumors were monitored by noninvasive intravital fluorescence imaging system. On day 16, HPMA copolymer-ALN-TNP-470 conjugate inhibited the growth of murine osteosarcoma by an average of 65% compared with 50% inhibition by the free ALN plus TNP-470 ( Fig. 7A and B) . Although the inhibitory effect of the conjugate was slightly superior to the effect of free ALN plus TNP-470 on K7M2 tumors, mice treated with the conjugate showed 50% increase in overall survival rate compared with 25% increase in mice treated with free ALN plus TNP-470 compared with control group (Fig. 7C ). Taken together, in murine osteosarcoma model, the conjugate exhibited improved tumor inhibition activity with significantly reduced toxicity and side effects compared with the combination of free ALN plus TNP-470. Maximum tolerated dose (MTD) was not achieved for the conjugate.
Discussion
The present study describes a strategy of targeted combination therapy for the treatment of cancer-related bone diseases such as osteosarcoma and bone metastases. Using SPPS and RAFT polymerization techniques, we synthesized and characterized HPMA copolymer-based polymeredrug conjugate bearing ALN, TNP-470 and FITC (used as a detection moiety). ALN and TNP-470 were conjugated via Gly-Gly-Pro-Nle tetrapeptide. This cleavable linker allows liberation of the active agents in the presence of cathepsin K, a cysteine protease secreted from osteoclasts into the resorption lacuna, mainly in bone-related diseases with high absorption activity [60] . The resulting 30 kDa HPMA copolymer-ALN-TNP-470 conjugate showed biocompatiblity in vitro and in vivo, and biodistribution studies revealed high localization of FITC-labeled conjugate at the tumor site. Finally, the conjugate increased the efficacy of the combination of free ALN and TNP-470 while abrogating its toxicity, selectively inhibited tumor-induced neovascularization and improved the survival rate of mice bearing orthotropic K7M2 murine osteosarcoma.
Comparable conjugate with M w of 80 kDa was previously synthesized and its activity was evaluated in a model of human osteosarcoma xenograft in SCID mice [38] . The renal threshold in a healthy organism is in the range of 30e50 kDa [25] . To ensure elimination by glomerular filtration following parenteral administration, we aimed to synthesize a conjugate with a final size lower than the renal threshold. For that, we calculated the monomer/ chain transfer agent ratio and the conversion of the polymerization prior to RAFT polymerization. This way we achieved a conjugate with M w of 30 kDa and narrow PDI of 1.2. Although the renal clearance of conjugates is usually related to their M w , the effective size might influence the glomerular permeation [61] . The size of a polymeric drug delivery system is dictated not only by its M w , but also by its conformation, charge, and hydrophobicity. The conjugate described here, consists of two therapeutic agents (i.e. ALN and TNP-470), with different chemical characteristics influencing the effective size of HPMA copolymer-ALN-TNP-470 conjugate. Therefore, beside the M w measured by SEC profiles, further appraisal was conducted using DLS. HPMA copolymer-ALN-TNP-470 conjugate effective diameter and PDI were measured as 18.1 AE 0.6 nm and 0.13 AE 0.05 respectively, warranting concomitant glomerular permeation.
NBP such as ALN inhibit the activity of farnesyl pyrophosphate synthetase, which directly suppresses the geranygeranylation and farensylation of small G-proteins such as Rab, Ras and RhoA. Suppression of these key proteins results in anti-neoplastic action including: induction of apoptosis, cell cycle perturbations, antiinvasive, anti-migration and anti-angiogenic effects [62] . One of the main characteristics of ALN, which makes the direct anti-angiogenic/anti-tumor activity difficult to demonstrate in vivo, is its pharmacokinetic profile which exhibits a strong affinity to bone mineral under physiological conditions [63] . Utilizing ALN qualities for targeting tumors not necessarily confined to bony tissues can be achieved by altering its pharmacokinetic profile. Alternatively, ALN can be used as both targeting moiety and therapeutic agent. Different drug-delivery systems for several applications bearing a bone targeting moiety have been previously reported. This includes, HPMA copolymer-doxorubicin-hydroxybisphosphonate conjugate [64] , HPMA copolymerealendronateepaclitaxel conjugate [65] and fluorescein-labeled bone-targeted model conjugates for detection purposes bearing 1% loading of ALN or D-aspartic acid (D-Asp 8 ) oligopeptides [33,35,37,66e68] . The common denominator of these conjugates was that they all selectively accumulate in bone tissues regardless of relatively low loading percentage of their bone targeting moiety. Here, by combining SPPS and RAFT, we achieved high loading percentage of ALN (6.3 wt%) and TNP-470 (7.7 wt%) on the polymeric backbone. This offers both rapid accumulation in bone tumors and metastases (which produce calcified matter) and enhances its anti-tumor and anti-angiogenic activity.
In addition, ALN as a potent targeting moiety has a distinct advantage over classic receptor mediated targeting (active) moieties. The number of cell surface receptors and their availability determine how many molecules of a targeting compound can be specifically bound [69] . Since receptor capacity is limited, saturation of receptors could affect the specificity and efficiency of receptor-mediated targeting. ALN, in contrast, can be defined as a highly potent non-receptor mediated targeting moiety, therefore has the potential to be very effective as a targeting moiety for bone neoplasms.
In addition to the physical properties of targeted delivery systems and the loading percentage of the active agents, many efforts have been directed to the optimization of the active components combinations [70] . The rational of choosing the therapeutic agents for polymer-based combination delivery system for cancer therapy is based on several elements. The active agents will preferably have different toxicity, mechanism of action, and mechanism of resistance, as well as anti-angiogenic and anti-tumor activity, and synergistic effect [71] . In regards to our combined targeted delivery system, we implemented these principles when conjugated ALN and TNP-470 with HPMA copolymer backbone. Their chemical features, mechanism of action and molecular targets are dissimilar, and recent study has shown that combination treatment with ALN plus TNP-470 has anti-angiogenic and antitumor synergistic effect [38] .
The biocompatibility and the toxicity profile of drug delivery systems is of fundamental importance for their possible therapeutic uses [72] . As a part of the evaluation hierarchy, we performed safety and toxicity studies prior to the determination of the efficacy profile. Taken into consideration the administration route and the known side effects associated with ALN and TNP-470, we first evaluated their compatibility with blood components. RBC hemolysis assay showed that the conjugate is hemocompatible up to a dose of 5 mg/ml whereas the combination of free ALN plus TNP-470 was hemolytic in concentration higher than 1 mg/ml. When administrated to Balb/c non-tumor bearing mice, the conjugate did not induce depression of the peripheral WBC similar to its effect in tumor-bearing mice. Treatment with the combination of free ALN plus TNP-470 did not affect the peripheral WBC levels of non-tumor-bearing mice but decreased the peripheral WBC levels by w40% of tumor-bearing mice. The dissimilarity between the effect of free ALN plus TNP-470 on total WBC levels in tumor-bearing mice and in nontumor-bearing mice could be partially explained by the effect of ALN on bone-active cytokines and high resorption activity of osteoclasts at tumor site. NBP such as ALN can stimulate the release of bone-active cytokines such as IL-1b or TNF-a that induce transendothelial migration of certain cells of the immune system from the peripheral blood into perivascular tissues [54] . This affects the redistribution of peripheral WBC and potentially cause transient leukopenia [73] . In non-tumor-bearing mice the osteoclasts have low resorption activity and administration of ALN does not induce leukopenia therefore the total WBC levels remain normal. In mice bearing K7M2 osteosarcoma tumors, there is high pathological bone resorption activity of osteoclasts and administration of ALN induce migration of immune system cells to perivascular tissues thus affecting the total WBC count. Further safety assessments were performed by rotarod test, evaluating the motor coordination and balance skills of non-tumor-bearing mice. In agreement with previously published data [21] , the results clearly show that TNP-470-related neurotoxicity was avoided following conjugation to HPMA copolymer backbone.
The data obtained from biodistribution studies support the effective targeting of HPMA copolymer-ALN-TNP-470 conjugate to tumor site. The accumulation of FITC-labeled conjugate in different organs varied, while highest accumulation was measured at tumor site and bones. In kidneys and liver, the conjugate accumulation was higher than the heart and spleen, presumably due to the renal filtration and retrieving and the presence of sinusoidal blood vessel structures in liver. Similar to other detection moieties used for tracing, FITC was conjugated through a non-cleavable linker to HPMA copolymer backbone. Although we used advanced fluoresce technique to conduct biodistribution studies, the acquired data represent solely the localization of the complete conjugate, regardless to the fate of ALN and TNP-470. The crucial data on time and location of ALN and TNP-470 release from the conjugate could be extremely valuable particularly if acquired at real-time. This could be achieved by coupling latent fluorophore activation to the drug release event that will report the release by an on/off fluorescent signal [74] . Such a reporting drug-delivery system could potentially clarify the mechanisms of absorption and distribution, the chemical changes of the substance in the body (e.g. by enzymes) and the effects and routes of excretion of the metabolites of ALN and TNP-470.
Our next goal was to evaluate the ability of the conjugate to inhibit tumor-induced neovascularization and tumor growth. We aimed to examine the response to therapy in a mice model that will recapitulate many of the defining features of human osteosarcoma, and will resemble the clinical setting of the malignancy. For that reason, we chose an orthotropic model of K7M2 murine osteosarcoma inoculated in Balb/c mice tibia (syngeneic model). It has been shown that orthotropic tumor models better approximate the tumor microenvironment of naturally occurring tumors in humans, and thus serve as better models for tumor progression and therapy-response examination [75e77]. It has also been proposed that the use of syngeneic tumors in immunocompetent mice is superior to that of human xenografts in NOD/SCID mice [78, 79] . The ability of the conjugate to inhibit angiogenesis was assessed by measurements of viable and apoptotic CEC and viable CEP levels in mice blood. In non-tumor-bearing mice, the conjugate did not affect viable CEP, viable CEC and apoptotic CEC levels, whereas in tumor-bearing mice the conjugate increased the levels of both viable and apoptotic CEC. It is plausible that in K7M2 tumor-bearing mice the vascular network was developed, and the anti-angiogenic effect of the conjugate resulted in shading of endothelial cells from tumor blood vessels into the circulation. However, in this study we cannot rule out the possibility that some of the viable CEC are derived from the bone-marrow compartment. On the other hand, in non-tumor bearing mice, no tumor-related neovascularization occurred, and the conjugate did not exhibit measurable anti-angiogenic activity, suggesting that such treatment is directed solely to the tumor endothelium. Administration of the combination of free ALN plus TNP-470 resulted in elevated levels of apoptotic CEC in both non-tumor and tumor-bearing mice. Overall, the conjugate not only exhibited improved antiangiogenic activity but also enhanced specificity. These findings suggest that conjugating ALN and TNP-470 to HPMA copolymer backbone altered the non-specific anti-angiogenic activity of the free agents and reduced their undesired-associated side effects. Finally, the conjugate substantially enhanced the activity of ALN and TNP-470 in vivo in K7M2 tumor model and improved the overall survival rate of mice.
The promising early preclinical results presented in this study, encourage further evaluation of our therapy and open the possibility of using HPMA copolymers as platforms for delivery of a cocktail of active agents to tumors. The use of dual-targeted delivery system that co-delivers two therapeutic agents at a single administration is not confined to bone-related malignancies exclusively, and can be used as a powerful strategy to prevent the transition of dormant avascular tumors to fast-growing angiogenic tumors.
Conclusions
We demonstrated a concept of a narrowly-dispersed combined polymer therapeutic designed to target bone-related malignances such as osteosarcoma and bone metastases by co-delivery of two synergistic drugs at a single administration. A polymeredrug conjugate of HPMA copolymer-ALN-TNP-470 at the size of 30 kDa was synthesized and characterized in murine syngeneic model of osteosarcoma. The conjugate showed increased anti-tumor efficacy and decreased toxicity compared to the combination of free drugs, and specifically inhibited tumor-induced neovascularization. Potential outcome of the proposed therapy if successful is to improve the quality of life for individuals and their families living with cancer.
